In this article, recent advances in the pathogenesis of acute pancreatitis have been reviewed.
INTRODUCTION
Acute pancreatitis is considered an abdominal emergency and is associated with significant morbidity and mortality. The pathogenic mechanisms of acute pancreatitis are not well understood. The disease begins with pancreatic acinar injury, although a systemic inflammatory response evolves quickly that may even prove fatal. Intra-acinar pathologic trypsinogen activation and subsequent autodigestive injury have formed the basis of our understanding of pancreatitis for over a century [1] [2] [3] [4] [5] [6] . However, this trypsin-centered hypothesis, which may seem obvious, had not previously been investigated thoroughly. Intense research in the last 2 decades focused on the mechanism of pathologic enzyme activation [5, 7] . The emerging technology led to the recent development of novel models that has enabled rigorous examination of the centuryold trypsin paradigm itself and exploration of other important pathogenic cellular events during pancreatitis [8 && ]. In the present article, the recent advances in this field have been reviewed. Concepts discussed in our prior review [7] have not been detailed here to avoid redundancy. The reader is encouraged to refer to our previous publication [7] , together with the current review for a comprehensive understanding.
THE ROLE OF PATHOLOGIC TRYPSINOGEN ACTIVATION
In order to study the precise role of trypsinogen, novel genetically engineered mice lacking the trypsinogen 7 gene (TÀ/Àmice) have been developed recently [8 && ]. These mice lack pathologic early intraacinar trypsinogen activation. Studying pancreatic injury in these mice led to surprising results on the role of trypsinogen activation during induction of acute pancreatitis [8 && ] that are discussed here.
Trypsinogen activation required for acinar cell death during in-vitro pancreatitis
Acini from TÀ/Àmice showed a significant reduction in cell death compared with wild-type acini during in-vitro pancreatitis induced by caerulein hyperstimulation. These results establish that intra-acinar trypsinogen activation is required for acinar cell death [8 && ]. Previously, it was shown that intra-acinar trypsinogen activation was sufficient to cause acinal cell death using adenoviral-mediated expression of activated trypsin within the acinar cell [13] . How intra-cellular trypsin causes acinar cell death is currently unclear.
Trypsinogen activation leads to pancreatic injury
Adenoviral-mediated intra-acinar expression of active trypsin caused pancreatitis in mice [14 && ], although it was not clear whether such a step was biologically relevant in the pathogenesis of pancreatitis [15] . Indeed, in the TÀ/Àmice, acinar necrosis reduced by 50% when compared with wild-type mice during caerulein-induced pancreatitis [8 && ].
Thus, acinar death due to pathologic trypsinogen activation leads to about half of all pancreatic cell necrosis during pancreatitis. Surprisingly, however, at least half of the acinar cell damage during pancreatitis appears to occur independently of pathologic trypsinogen activation [8 && ].
Local inflammation and systemic inflammatory response are independent of intra-acinar trypsinogen activation
Local inflammatory reactions and systemic inflammatory responses were comparable in the presence (wild-type mice) and absence (TÀ/Àmice) of intraacinar pathologic trypsinogen activation [8 && ]. Thus, a trypsin-independent mechanism seems to drive inflammation during pancreatitis leading to a local inflammatory reaction as well as a morbid systemic inflammatory response [8 && ]. This was a milestone observation with crucial implications necessitating a paradigm shift in the understanding of the pathogenesis of acute pancreatitis as outlined in a simplified schematic diagram in Fig. 1 . The trypsin-independent local inflammatory reaction causes pancreatic damage during later stages, whereas there is direct trypsin-mediated pancreatic damage early in the induction of acute pancreatitis ( Fig. 1) .
Retrospectively, many previous experiments in which intra-acinar trypsinogen activation was suppressed using inhibition [16, 17] or knockout of cathepsin B [18] , PI3K knockout [19] , or protease inhibitors [20] had all demonstrated similar findings, although the interpretation was fogged by possible model-specific alternate explanations. However, demonstration in TÀ/À mice provides definitive evidence in this regard [8 && ]. The crucial question then is, if not intra-cellular trypsinogen activation, what is responsible for causing inflammation and systemic inflammatory response during pancreatitis?
Acinar cell as an inflammatory cell: early intracellular NFkB activation
Activation of NFkB in acinar cells during pancreatitis was first reported in 1998 [21] . It was subsequently established that intra-acinar NFkB activation is an early event paralleling trypsinogen activation in time course [22] . However, it was not clear whether trypsinogen activation was related to NFkB activation, a relationship hotly debated over the last decade [13, [22] [23] [24] . Absence of pathologic trypsinogen activation did not affect intra-acinar NFkB activation in the TÀ/À mice, thus firmly establishing that intra-acinar NFkB activation occurs early during
KEY POINTS
Pathologic intra-acinar trypsinogen activation had been hypothesized to be the central mechanism of pancreatitis for over a century. Development of novel models has enabled rigorous evaluation of this paradigm.
Intra-acinar trypsinogen activation contributes to early acinar injury, but local and systemic inflammation progresses independently during pancreatitis.
Early intra-acinar NFkB activation occurs in parallel to but independent of trypsinogen activation. This cellular inflammatory response may be a crucial pathogenic mechanism of pancreatitis.
Pathogenic cellular events with calcium signaling, mitochondrial dysfunction, ER stress, autophagy and impaired trafficking, lysosomal and secretory responses may feed into the cellular inflammatory response.
pancreatitis independently of trypsinogen activation [8 && ]. Acinar cells have been known to secrete inflammatory mediators when subjected to pancreatitiscausing stimuli [25] . Therefore, acinar cells function partly as inflammatory cells capable of initiating and perpetuating an inflammatory reaction ( Fig. 1 ). Early intra-acinar NFkB activation appears to be the key step in the pathogenesis of inflammation in pancreatitis, as discussed below.
Intra-acinar NFkB activation, local inflammation, and systemic inflammatory response in pancreatitis
NFkB activation has been implicated in the pathogenesis of several inflammatory diseases [26, 27] and appears to be the key inflammatory pathway in acute pancreatitis [25] . A conditional mouse model of intra-acinar NFkB activation was developed using a tetracycline-inducible active inhibitor of nuclear factor kappa-B kinase (IKK) expression targeted to pancreatic acini [28] . Intra-acinar activation of NFkB in this mouse model led to acute pancreatitis with pancreatic damage and inflammation as well as a systemic inflammatory response [28] . In a parallel model wherein, instead of active IKK, tetracyclineinducible dominant-negative IKK was targeted to acini, pancreatitis response was attenuated due to a lack of NFkB activation [28] . Conditional adenoviral-mediated NFkB activation in the pancreas also resulted in the full spectrum of pancreatitis, including systemic inflammatory response [29] . Another constitutive model with nonpancreasspecific deletion of NFkB p50 precursor protein resulted in a reduced pancreatitis response [30] . These results establish that intra-acinar NFkB activation is required as well as sufficient to induce inflammatory response of pancreatitis including local inflammation and systemic inflammatory response.
On the contrary, there have been conflicting results from a model using p65/Rel-A selective truncation in acinar cells, which is thought to lead to constitutive suppression of intra-acinar NFkB [31] . These mice demonstrated increased pancreatic injury during caerulein pancreatitis [31] . The discrepancy is, so far, not entirely explained. Inhibition of NFkB regulated anti-inflammatory genes such as pancreatitis-associated protein as well as a dysregulated regeneration response in constitutive models might be involved. A recent study from the same group has shown in a chronic pancreatitis model that the acinar cell-specific RelA/p65 exerts a protective effect during chronic inflammation. On the contrary, myeloid cells RelA/p65 promote fibrogenesis in the pancreas [32] , suggesting differential and cell-specific roles of the same transcription factor. These results signify the diversity of NFkB-regulated processes [33] that potentially complicates interpretation of the constitutive NFkB knockout models.
Whereas NFkB appears to be the predominant inflammatory pathway in acinar cells, other pathways (mitogen activated protein kinase/ERK [34] [35] [36] [37] , c-jun N-terminal kinase [38, 39] , signal transducers and activators of transcription [40] [41] [42] , and activator protein 1 [37, 43] ) may be involved as well. Their individual roles are unclear, but interpathway cross-talk may lead to augmentation of the inflammatory response, particularly through NFkB [40, 44] .
MECHANISM OF TRYPSINOGEN ACTIVATION AND NFkB ACTIVATION
The mechanisms of early NFkB activation as well as trypsinogen activation have not been completely understood. Important initiating mechanisms identified so far are pathologic calcium signal generation, activation of protein kinase C isoforms d and e, and downstream protein kinase D, which have been discussed in our prior review [7] . The relative roles and relationship of these two mechanisms remain unclear. Although pathologic calcium signaling has been studied mostly in the context of trypsinogen activation, and protein kinases in the context of NFkB activation, evidence suggests that each process affects both NFkB activation and trypsinogen activation [22, 45, 46] .
IMPORTANT INTRA-ACINAR PATHOLOGIC EVENTS
The mechanism of premature trypsinogen activation has been a subject of intense research in the last 3 decades, resulting in an understanding of important cellular events that have significance beyond trypsinogen activation itself. In addition, important advances have been made in cell biology that are applicable to pancreatic acinar cells. These developments are discussed here.
Pathologic calcium signaling
Intracellular calcium (Ca 2þ i ) signaling in nonexcitable cells saw several advances, including deciphering of the mechanism of opening of store-operated calcium channels (SOCs) through stromal interaction molecule-mediated sensing of ER store depletion [47] [48] [49] [50] [51] , characterization of SOCs [47, 52, 53 && ], insights into the role of non-ER sources (notably the acid pool) of calcium [54,55,56 & ], and of the close interaction between mitochondria and ER in regulating calcium responses [57 && ,58]. Although some of the calcium-related mechanisms were described in other cell systems, these insights may be generally ascribed to acinar cells (Fig. 2 ) [59] [60] [61] [62] .
A transient spike of Ca 2þ i localized to apical granular area is involved in physiologic secretion, whereas a global sustained Ca 2þ i is pathologic [63, 64] . Pathologic Ca 2þ i originates from the apical ER pool [63, 64] (through thin apical projections of ER, also called ER tunneling [65, 66] , Fig. 2 ) and a newly characterized acidic pool from zymogens [56 & ,67-69], whereas ryanodine receptor (RyR) mediated release from ER and Ca 2þ influx from SOCs sustain the signal [63] . The sources of physiologic Ca 2þ i are the same [63, 64, 70] except that the role of acidic pools is uncertain [56 & ,71] , although RyR-mediated release from ER is not involved. However, exactly how localized physiologic Ca 2þ i is contained and how globalized pathologic Ca 2þ i is generated has not been completely understood [60] . A thick mitochondrial absorbent layer separating the granular apical compartment from the rest of the cytoplasm, and immediately following the ER layer, is thought to play an important role [60,63,64] (Fig. 2) . The downstream targets of pathologic Ca 2þ i include the phosphatase calcineurin [7, 72] that appears to be the effector of pathologic responses, whereas calmodulin kinase [73,74 & ] appears to function as a negative feedback regulator in the context of pancreatitis.
Mitochondrial dysfunction
Mitochondrial permeability transition pore (PTP) opening and loss of DC m (mitochondrial membrane potential) are recognized cellular events during pancreatitis leading to release of mitochondrial contents into cytosol, ATP depletion and oxidative stress [75,76 && ,77]. The cross-talk mechanisms between mitochondria and ER are only beginning to be clarified. ER-mitochondria membrane microdomains called mitochondrial-associated membrane (MAM) have been recently described [57 && ,58] (Fig. 2) . MAM-mediated transfer of Ca 2þ from ER to mitochondria has been characterized and thought to meet the constitutive Ca 2þ demand for ATP generation and oxidative phosphorylation in the mitochondria [78] and regulate apoptosis [79] . MAM may also mediate ATP and redox signaling from mitochondria to ER [80] . The ER-mitochondria interactions may be crucial in containing/propagating pathologic Ca 2þ i (Fig. 2) .
Autophagy induction and failure of progression due to lysosomal dysfunction
The role of autophagy in pancreatitis appeared complex, with a few conflicting publications [81] [82] [83] .
With increasing understanding of autophagy, the complexity surrounding its role in pancreatitis is being realized [76 && ]. Vacuolar membrane protein-1-mediated induction of autophagy, called zymophagy, occurs early in pancreatitis [83] , and was shown to protect acinar cells from the deleterious effect of activated enzymes. Furthermore, mitochondrial dysfunction [76
&&
,78] and ER stress [84 & ], as well as pathologic Ca 2þ i [85] , may induce autophagy (Fig. 3 ). Although traditionally viewed as a damage control mechanism, a direct pathogenic role of autophagy induction remains a possibility, especially if the insult-inducing autophagy is overwhelming.
However, what appears to be certainly pathologic is the accumulation of large vacuoles during pancreatitis (Fig. 3) that have long been observed in experimental [86] and human pancreatitis [12, 87] .
Only recently, these vacuoles were recognized to be autophagosomes that accumulate because of impaired autophagy progression [76 && ,82] (Fig. 3) . Impaired lysosomal function due to depletion of lysosomal membrane proteins that mediate fusion of autophagosomes and lysosomes [88] and altered maturation of lysosomal hydrolases [82] , both of which are essential for lysosome-mediated digestion of autophagic contents, lead to impaired autophagy [76 && ]. . New insights into cellular calcium signaling. Pathologic intra-cytoplasmic Ca 2þ signal (Ca 2þ i ) is initiated in response to stimulus in the apical compartment. Apical Ca 2þ i generation: ER projections/tunneling (IP3R mediated) and acidic pools (mostly zymogens in the case of pancreatic acini, also includes lysosome-related organelles and golgi complex). Specific NAADP-sensitive two pore channels [59] may mediate the known role of NAADP in pathological signaling [60] by amplifying IP3R and RyR mediated Ca 2þ i [61] . Mitochondria-ER interactions: during physiological responses, apical Ca 2þ i is absorbed by the mitochondrial buffering layer. This Ca 2þ signal is utilized for ATP generation that is needed for physiological secretion as well as for clearance of Ca 2þ i . The Ca 2þ supply for constitutive mitochondrial function comes from the ER, potentially through the recently recognized mitochondria-associated membrane (IP3R-GRP75-VDAC complex). The mitochondriaassociated membrane and permeability transition pore interactions may be involved in cell death regulation. During pathological responses, overwhelming of the mitochondrial Ca 2þ buffering capacity occurs, leading to mitochondrial dysfunction and propagation of Ca 2þ i . RyRs are concentrated in the ER membrane surrounding the mitochondria [62] and may be involved in propagation of Ca 2þ i . ER-plasma membrane interactions: depletion of ER store is sensed by STIM, which migrates to the plasma membrane and opens the store-operated channels. Ca 2þ i is cleared by ATP-dependent plasma membrane calcium ATPase and smooth ER calcium ATPase. ER, endoplasmic reticulum; IP3R, inositol-3 phosphate receptor; NAADP, nicotinic acid adenine dinucleotide phosphate; PTP, permeability transition pore; RyR, ryanodine receptor; SERCA, smooth ER calcium ATPase; SOCs, store-operated channels; TPCs, two pore channels; VDAC, voltage-dependent anion channel.
Pathogenic mechanisms of acute pancreatitis Sah et al.
Impaired cellular trafficking and secretory response
Inhibited apical secretion due to loss of acinar cell polarity and apical cytoskeletal reorganization has been described as occurring early in pancreatitis [5, 6] . Instead, basolateral exocytosis occurs during pancreatitis [5, 6] . Dissociation of mammalian uncoordinated-18 from basolateral layer [89, 90] exposes basolateral soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) complex (the recognition and secretion coupling machinery) to vesicle-associated membrane protein 8, a conjugate SNARE on zymogen granules, thus targeting zymogens to the basolateral membrane [91, 92] . Recently, interferon regulatory factor 2 was identified as a regulator of this event [93 & ].
ER stress and oxidative stress
ER stress is known to be an early event in pancreatitis [7] and has been mostly studied in the context of alcohol-related pancreatic injury [84 & ,94 & ]. Oxidative stress during pancreatitis is generated primarily from NADPH oxidase and mitochondrial dysfunction [95] . Stimulus-dependent mild reactive oxygen species (ROS) generation seems to modulate ATP generation that, when inhibited, may lead to acinar necrosis, whereas neutrophil-mediated ROS generation is uniformly pathogenic, thus leading to the concept of a dual role of oxidative stress in pancreatitis. Mitochondrial ROS is a well-characterized trigger for inflammasome-dependent activation of inflammatory pathways in other cell systems. Further, modulation of histone acetylation that regulates NFkB signal transduction appears to be an important link between oxidative stress and inflammation [95] [96] [97] .
SIGNIFICANCE OF INTRACELLULAR PATHOLOGIC EVENTS
Pathologic calcium signaling may be the earliest response to the pancreatitis inciting stimulus. It is possibly related to eventual development of multiorganelle pathologic responses, including mitochondrial dysfunction and autophagy. The significance of these other pathologic cellular events during pancreatitis is less clear and is being actively investigated. So far these events have been mostly associated with intra-acinar trypsinogen activation and acinar cell death. In light of the new findings suggesting an inflammatory pathogenesis of pancreatitis, it seems possible that these pathologic cellular events eventually feed into the cellular inflammatory response (Fig. 4) . Additionally, interdependence among these events may lead to an escalating response. 
INFLAMMASOMES SENSING CELLULAR DAMAGE AND LINKING IT TO INFLAMMATION
Cell death by necrosis has long been known to incite inflammatory reaction. The mechanism of such immune activation, referred to by some as sterile inflammatory reaction, is only beginning to be understood with recent advances in immunology [98 && ,99,100] . The sensors of cell damage in cells of innate immunity, particularly resident macrophages and antigen-presenting cells, have been well studied [98 && ]. These nonpathogen cell damage signals are called damage-associated molecular patterns (DAMPs) that are sensed through patternrecognition receptors such as Toll-like receptors and nucleotide oligomerization domain-like receptors (NLRs) [ [99] . Activation of NLRP3 inflammasome leads to caspase-1-mediated release of active cytokines from their inactive procytokine forms [e.g., pro interleukin (IL)1-b is converted to IL1-b] [101] . The tissue-specific expression of NLRP3, including expression in pancreatic acinar cells, is not well characterized. Interestingly, pancreatic b cells are known to have these intrinsic damage sensors that have been implicated in pathogenesis of type 2 diabetes [98 && ]. DAMP receptors and their associated machinery for generation of inflammation seem to be generic cellular mechanisms responsible for tissue repair [98 && ,99] . When overwhelmed, they may lead to disorder and disease. Such a mechanism has been identified in metabolic syndrome and in many autoimmune inflammatory diseases so far [98 && ,99,101] . Knockout mice lacking components of NLRP3 inflammasome demonstrated a reduced pancreatitis response, showing that such mechanisms may be operational in pancreatitis, although pancreatic macrophages were heralded as the DAMP-sensing cells in this study [102 && ]. Nevertheless, the spectrum and scope of DAMP receptors are not fully recognized [98 && ,100]. In addition to the resident macrophages, it is possible that such intrinsic damage-sensing mechanisms are operational in acinar cells, thus linking intra-acinar pathologic events to generations of cellular inflammatory responses ( Fig. 4 ). For example, mitochondrial dysfunction and lysosomal permeabilization, which occur in acinar cells during pancreatitis, are well recognized activators of intrinsic NLRP3 inflammasome in other cell types [98 && ]. Further research is needed to clarify these emerging concepts.
CONCLUSION
Novel insights have emerged in the pathogenesis of pancreatitis, necessitating a paradigm shift in our understanding. Exploration of the role of intra-acinar pathologic trypsinogen activation revealed that this pathogenic step leads to early pancreatic damage, but local inflammation and morbid systemic inflammatory response in pancreatitis progress independently. Much remains to be learned about this enigmatic disease with significant morbidity and mortality, because a lack of understanding of the specific cellular mechanisms has precluded any specific therapy so far. 
